Radio galaxies host relativistic jets oriented away from our line of sight, making them challenging targets for Very High Energy (VHE, E>100 GeV) γ-ray detectors. Indeed, out of ∼ 100 extragalactic sources detected at E > 100 GeV, only six are radio galaxies, while the great majority are blazars hosting aligned jets. The new Cherenkov Telescope Array (CTA) will provide order-of-magnitude improvements in sensitivity and spectral resolution with respect to the present generation of ground-based γ-ray observatories, opening new frontiers for high-energy studies of radio galaxies. In a previous paper, we studied the detection prospects of misaligned jets with the CTA for a sample of sources from the Third Fermi-LAT catalog (3FGL). In this work, we complement this study taking advantage of the expanded sample from the Fourth Fermi-LAT catalog (4FGL), which includes roughly double the number of sources. We simulate CTA observations of 41 γ-ray radio galaxies, extrapolating their Fermi-LAT spectrum into the TeV energy range assuming different spectral shapes. We predict that the CTA will detect eleven new TeV radio galaxies with an observational campaign of 50 hours per source, under the realistic assumption of a spectral cutoff at 0.5 TeV. This would increase the sample of VHE radio galaxies by a factor of three, and result in the first detection of FR II radio galaxies at these energies. By simulating CTA observations with 5 hours exposure, we predict that two Fermi-LAT radio galaxies should already be well within reach of current TeV observatories. Finally we have investigated the prospects for a CTA detection of extended VHE emission from the lobe-dominated FR I Fornax A, and predict that such a detection will be possible for integration times 50 hours. We conclude that, in line with our previous findings, the CTA will significantly impact our understanding of misaligned jets at TeV energies, allowing us to perform population studies, as well as a comparison between the two main radio galaxy subclasses for the first time in this energy band.
Introduction
Active Galactic Nuclei (AGN) hosting relativistic jets are the dominant source class in the extragalactic γ-ray sky, as revealed by the Large Area Telescope (LAT) on board the Fermi Gamma-ray Space Telescope [1, 2] in the GeV range, and by ground-based Imaging Atmospheric Cherenkov Telescopes (IACTs) in the TeV range 1 . The vast majority of these sources belong to the subclass of blazars, i.e. they have jets aligned with our line of sight, leading to strong relativistic Doppler boosting and beaming of their radiation. Blazars are typically divided into two subclasses: Flat-Spectrum Radio Quasars (FSRQs), showing broad lines in their optical spectra, and BL Lacs, showing featureless optical spectra. According to the orientation-based unified model [3] , the parent population of blazars consists of classic radio galaxies, which can be further classified based on their total radio power and morphology [4] . High-power sources (L 178 MHz > 2 × 10 24 W/Hz/sr), called Fanaroff-Riley type II (or FR II), often show a bright core and a one sided kpc-scale jet, terminating in bright compact hot-spots. Low-power sources (L 178 MHz < 2 × 10 24 W/Hz/sr), i.e. Fanaroff-Riley type I (or FR I), show a two-sided jet and edge darkened diffuse lobes. These two classes are believed to be the misaligned counterparts of FSRQs and BL Lacs, respectively. Radio galaxies, together with intermediate objects such as Steep Spectrum Radio Quasars (SSRQs) are collectively refereed to as Misaligned AGN (MAGN), to distinguish them from aligned-jet blazar sources.
Since radio galaxy jets are not closely aligned with the observer, Doppler boosting plays a much less significant role. Therefore, these sources are typically much more difficult to detect in the γ-ray band, making up about ∼ 1 − 2% of all extragalactic sources, both in the GeV and in the TeV band. Despite their small numbers, highenergy emitting radio galaxies are a fundamental tool in our understanding of jets, since they provide us with a complementary view with respect to blazars and allow us to test the orientation-based unified models. Moreover, since the emission is not completely dominated by the Doppler-boosted innermost jet, we can observe different emission components. In fact the only extragalactic sources where extended γ-ray emission has been confidently detected are radio galaxies [5, 6] .
Currently only six radio galaxies have been detected by IACTs at Very High Energies (VHE, E>100 GeV). Detecting additional sources hosting misaligned jets at the highest energies is crucial in order to test our understanding of this phenomenon from different perspectives. The upcoming Cherenkov Telescope Array [CTA, 7] will significantly expand our understanding of extragalactic jets at the highest energies, thanks to improvements by an order-of-magnitude in sensitivity and by a factor 2-5 in spatial and spectral resolution. In a previous publication [8] we have explored the CTA detection prospects for radio galaxies listed in the Third Fermi-LAT source catalog [3FGL, 9] . By simulating CTA observations assuming different extrapolations of the LAT spectra, we found that the CTA is expected to significantly increase the number of TeV radio galaxies. In this work, we expand our previous study by considering the detection prospects for radio galaxies which are newly detected in the Fourth Fermi-LAT source catalog [4FGL, 2] . This paper is organized as follows. In Section 2 we define the sample of TeV radio galaxies candidates. In Section 3 we outline the procedure used to simulate CTA observations and evaluate the detection significance. In Section 4 we report and discuss the results of the simulations, the census of the most promising candidates, as well as the driving parameters separating the best candidates from the rest. We also discuss the prospects of detecting extended emission from the lobe-dominated FR I radio galaxy Fornax A with the CTA. Finally, we summarize our findings and draw our conclusions in Section 5.
Sample selection
We have used the sample of radio galaxies presented in the 4th LAT AGN Catalog [4LAC, 10], which includes a total of 41 sources. We have collected redshifts and 1.4 GHz flux densities from the NASA/IPAC Extragalactic Database (NED). Assuming a cosmology with H 0 = 70 km/s/Mpc and Ω m = 0.3, we used the redshift to derive a luminosity distance and convert the radio flux density to power. We used these values to classify less-known sources as FR I or FR II, adopting a threshold of L 1.4 GHz = 10 25 W/Hz [4] . The final census includes 28 FR I and 12 FR II, in addition to the young radio galaxy PKS 1718−649 [see e.g., 11]. The prevalence of FR I radio galaxies among the γ-ray detected population is a well-known fact [see 12], which is yet to be explained.
CTA simulated observations
We have simulated CTA observations for all the radio galaxies in our sample, in order to evaluate their detection prospects, using the software package ctools [13] 2 . We extrapolated the Fermi-LAT spectrum of the sources in the energy range 0.03-150 TeV and simulated 50 hours of CTA observations, which correspond to a standard single source observing campaign with Cherenkov arrays, using the ctobssim tool. We have used the coordinates of the two CTA sites to calculate the maximum altitude of each source from each site, and adopted the IRF corresponding to the site providing the maximum altitude. We then performed a standard likelihood analysis using the ctlike tool to derive a detection significance, in the form of a Test Statistic, which is defined as TS=2 log(L/L 0 ) where L is the likelihood of the model with a point source at the target position, and L 0 is the likelihood without the source. A value of TS=25 corresponds to a significance of 4.2σ [14] .
We assumed as starting model the Fermi-LAT spectrum in the 0.1-300 GeV range, as reported in the 4FGL [2] . Out of all the radio galaxies in our sample, only NGC 1275, 3C 120, NGC 6251 and PKS 2153−69 show significant spectral curvature according to the 4FGL, where their spectrum is described with a LogParabola. All the other sources have PowerLaw spectra. We have chosen to adopt a PowerLaw spectrum as a base for Table 1 : γ-ray detected radio galaxies in the 4LAC [10] . Coordinates, redshift and radio flux have been collected from the NASA/IPAC Extragalactic Database (NED), while the γ-ray properties are from the 4FGL [2] .
4FGL name
Common name RA(J2000) Dec(J2000) z FR class S 1. the CTA simulations for 3C 120 and PKS 2153−69 as well, since these are faint sources where the curvature is not as well determined as for NGC 1275 and NGC 6251.Given that it is quite unrealistic to expect that a spectrum without curvature would extend from the LAT energy range down to 150 TeV (in the case of LAT sources with a Pow-erLaw spectrum), we have simulated different scenarios to account for spectral curvature, following [8] . We assumed a PowerLaw with exponential cutoff at 0.1, 0.5 and 1 TeV, for all sources except NGC 1275 and NGC 6251, where a simple extrapolation of the Fermi-LAT LogParabola model was adopted, since it already accounts for curvature. In all cases, we have included in the model only the target as a point source (see Section 4.2 for additional discussions on the extension of Fornax A) and the CTA background.
We have considered the effect of γ-ray attenuation due to the Extragalactic Background Light [EBL, see e.g., 15] for sources with z > 0.05, i.e. 14 sources out of 41 (see Table 1 ). To do so, we have added a multiplicative component to the spectral model, in the form e −τ . The values of the opacity τ as a function of energy and redshift have been collected from [16] , and interpolated to the specific redshift of each source using a spline fit. The data from [16] span the energy range 0.03-30 TeV, and therefore do not cover the range 30-150 TeV which is included in our simulations. However, at these energies the intrinsic spectrum is already steeply falling due to the applied exponential cutoffs, therefore including the EBL attenuation factor would not provide a significant difference.
Results and discussion

General properties
The results of our simulated CTA observations are summarized in Table 2 . For each source, we list the FR class (I or II), the normalization of the PowerLaw spectrum at 1 GeV, the photon index, the CTA site used for the simulations, and the resulting TS values for the cases described above. In our previous work, we found that the most realistic spectral shape is the one with E cut = 0.5 TeV. Based on our updated results, we can confirm this, by looking at current TeV radio galaxies (highlighted in bold in Table 2 ): while they are all confidently detected (> 5σ) in the case E cut = 0.5 TeV, only two of them would be seen if E cut = 0.1 TeV. Looking at so far undetected candidates, we predict that the CTA will be able to detect eleven new radio galaxies with a significance > 5σ in 50 hours, assuming E cut = 0.5 TeV 3 . Of these, nine are FR I and two are FR II. If these predictions will be confirmed by future observations, the sample of TeV radio galaxies would be dramatically expanded, from the current six sources up to a total of seventeen. Moreover, since the six currently detected TeV radio galaxies are all FR Is, we can expect the CTA to allow us to study the FR I-FR II dichotomy in the VHE range for the first time, albeit still with a small FR II sample.
We can see how the key parameter in determining the detectability of a source at TeV energies is the spectral slope, while the normalization plays a less significant role.
We have quantified this by means of a two-sample Kolmogorov-Smirnov (KS) test, which shows that the distributions of sources with TS 0.5TeV > 25 and TS 0.5TeV < 25 differ significantly in photon index (KS=0.57, p-value=1.5 × 10 −3 ), but not in normalization (KS=0.20, p-value=0.76). This can be seen in the histograms in Fig. 1 , where the distribution of photon index (left panel) is mostly bimodal, while the distribution of normalization (right panel) shows a much more significant overlap between the two subsets. These results confirm our previous findings reported in [8] . We note that this does not mean that the spectral normalization is not a relevant selection criterion for a good TeV candidate, since very nearby sources will inevitably be easier to detect regardless of their spectral shape.
To further explore the best candidates, we have performed additional simulations of CTA observations with an integration time of five hours. Only potentially new TeV sources with a TS 100 in the 50 hours observations with E cut = 0.5 TeV have been considered, i.e. 3C 78, 4C +39.12, B2 1113+29, Cen B, B2 1447+27 and TXS 1541+050. Not surprisingly, all of these sources are classified as FR I. Our likelihood analysis of the simulated five hours observations shows that 3C 78 and TXS 1541+050 can be detected with TS>25 even with short integration times, in the case E cut = 0.5 TeV. This suggests that a VHE detection of these sources is most likely already within reach of current ground-based γ-ray observatories.
We note that, in several cases, our updated simulations yield significantly different results for sources included in our previous study [8] . This is most likely due to the change in the spectral parameters adopted for the extrapolation between the 3FGL and 4FGL catalogs. We tested this by computing Kendall's τ linear correlation test between the difference in photon index and the TS ratio between the 4FGL-based and 3FGLbased simulations (see Fig. 2 ). The test yields a significant anti-correlation, with τ=-0.74 and a p-value=2×10 −5 , i.e. the 4FGL/3FGL TS ratio is higher when the source spectrum is harder in the 4FGL with respect to the 3FGL, as expected 4 .
Extended γ-ray emission from Fornax A
The case of Fornax A deserves further investigation. In Table 2 we have reported the results of CTA simulated observations assuming a point source spatial model for all sources. However, Fornax A has been established as the second extragalactic source with significantly detected extended γ-ray emission [6] after Centaurus A. Moreover, the core contribution to the GeV emission from Fornax A revealed by Fermi-LAT was constrained to be < 14%. Therefore, a detection of this source in the E>100 GeV range would provide unique insight into the production mechanisms of the highest energy photons in radio galaxy lobes.
The sensitivity of Cherenkov telescopes to extended emission is lower than for point sources. Therefore, we have performed additional simulated CTA observations of Fornax A, using two of the spatial models discussed in [6] and an extrapolation of the 4FGL spectrum. Naturally, this implies a simplistic assumption that the spectral properties of the γ-ray emission are uniform across the source extension, which may well not be the case, and that the extension in the 0.03-150 TeV energy range is the same as in the 0.1-300 GeV range. The simplest extended model is a radial disk slightly offset from the catalog position, with a best-fit radius r = 0.33 • ± 0.05 • [6] . The alternative spatial model is derived from the VLA 1.5 GHz radio map from [17] , and is included in the 4FGL catalog 5 .
We present the results of these additional tests in Table 4 for integration times of 50 hours and 5 hours, together with the ones from the point source fit. For 50 hours of integration and E cut = 0.5 TeV, the significance of the radial disk and spatial map models are ∼ 5 times and ∼ 15 times smaller than the one for the point source model, respectively, but the radial disk model fit still yields TS>25, and the spatial map model is not far from this threshold. The spatial map model yields TS>25 in the case of E cut = 1.0 TeV, however this cannot be considered a likely scenario, since the Fermi-LAT observed a highest photon energy of ∼ 86 GeV from Fornax A, according to the third catalog of hard-spectrum sources [3FHL, 18] . Finally, the simulations with 5 hours of integration time show that the CTA sensitivity to extended emission is not sufficient to significantly detect Fornax A on such short time scales, contrary to the results assuming a point source spatial model.
We can conclude from our simulations that a significant detection of extended γ-ray emission from Fornax A with the CTA appears possible, if a single-source campaign of 50 hours integration time will be performed, under realistic assumptions on the source's spectral shape.
Summary and conclusions
In this work, we complement our previous findings on TeV detection prospects for radio galaxies with the upcoming Cherenkov Telescope Array (CTA). In [8] we simulated CTA observations for local (z < 0.15) radio galaxies in the Third Fermi-LAT source catalog [3FGL, 9] , including a total of 17 sources. In this paper, we report on improved simulations taking advantage of the updated radio galaxy sample from the Fourth Fermi-LAT source catalog [4FGL, 2]. The new catalog benefits from double the integration time, and includes 41 radio galaxies, out of which six have been currently detected at E>100 GeV by ground-based γ-ray observatories.
We have simulated 50 hours of CTA observations for all the sources in this sample using the ctools package. We assumed different extrapolations of the Fermi-LAT spectrum, and accounted for EBL attenuation for sources with z > 0.05. In the case of a high-energy cutoff at E cut = 0.5 TeV, we predict that the CTA will be able to detect eleven new radio galaxies at a significance > 5σ in 50 hours. This number is roughly double the one reported in our previous work, which can be attributed to the commensurate increase in the candidate sample size. If the CTA were to indeed detect these objects, this would triple the number of TeV-detected radio galaxies. Moreover, we predict that two out of these eleven potentially new sources would be FR II objects, which would be the first to be detected in the TeV range, allowing us to study the bimodal radio galaxy population at the highest energies for the first time. Table 2 : Results of simulated CTA observations of the radio galaxies in the sample, with 50 hours of integration. New γ-ray sources or reclassified sources (with respect to the 3FGL) are highlighted in italic. Currently known TeV radio galaxies are highlighted in bold. We have confirmed that the key parameter in determining a good TeV-candidate radio galaxy based on Fermi-LAT data is the spectral slope, while the normalization of the spectrum does not play a key role. This strengthens our previous findings reported in [8] , due to the much larger sample of candidate sources.
Name
We have performed an additional set of simulation using only 5 hours of CTA integration time, in order to investigate the most promising TeV candidates in more depth. We have found that two FR I sources, i.e., 3C 78 and TXS 1541+050, would still be detected with > 5σ significance within 5 hours, under the assumption of E cut = 0.5 TeV. This implies that these two sources are very likely within reach of currentgeneration Cherenkov observatories, if observed for a full targeted campaign, i.e. with an integration time of a few tens of hours. Therefore, targeting these sources with current IACTs would be an ideal stepping stone, paving the way for the CTA era of TeV radio galaxy studies.
We have investigated in detail the lobe-dominated FR I Fornax A, which has been revealed as an extended γ-ray source by Fermi-LAT. Given that the core contribution to γ-rays detected by Fermi-LAT has been constrained to be < 14%, a detection of Fornax A at TeV energies would provide unique insight into the acceleration and emission processes of particles of the highest energies in the diffuse lobes of radio galaxies. We have simulated CTA observations of Fornax A assuming a radial disk model and a spatial map model, following the results of Fermi-LAT observations. Since the CTA sensitivity to extended emission is lower than for point sources, both these models yield a lower detection significance in all spectral models tested. Nonetheless, we have found that a CTA detection of extended emission from Fornax A is likely in the case of the radial disk model, and still plausible in the case of the spatial map model, for integration times 50 hours.
Another of our conclusions from [8] is confirmed in this work: the exposure time per source envisioned in the current CTA extragalactic survey, of the order of a few hours, would not be sufficient to detect a large number of new TeV radio galaxies (∼ 2). Such a goal would require long, targeted campaigns with exposure times of the order of several tens of hours.
Finally, we note that the number of predicted new TeV detections should be treated as a lower limit, since it does not account for several additional factors: variability, which might transform a poor candidate into a promising one during flares, especially if it exhibits a harder-when-brighter behavior, as has been observed in some radio galaxies [see e.g., 19]; additional emission components at high energies, such as the one detected in Centaurus A [20] ; sources whose high-energy Spectral Energy Distribution (SED) peaks at TeV energies, which might be too faint to be detected by Fermi-LAT.
In conclusion, we confirm our prediction that the CTA will significantly impact our understanding of TeV radio galaxies, allowing to probe the properties of the overall population thanks to a much larger sample. It will also allow, for the first time, to compare the VHE properties of FR I and FR II sources.
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